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I.  Introduction 


A  basic  solid- fuel  rsunjet  (SFRJ)  projectile  is  shown  in  Figure  1.  A  ramjet  motor 
consisting  of  an  inlet,  hydrocarbon  fuel  and  composite  nozzle  is  housed  in  a  hollow  steel 
case.  In  flight,  air  is  forced  through  the  inlet,  burns  with  the  fuel,  accelerates  out  the 
nozzle,  and  thus  produces  thrust. 


^The  Chemical  Systems  Division  of  United  Technologies  Corporation  (UTC),  through 
tests  done  in  conjtmction  with  the  Ballistic  Research  Laboratory  (BRL),  discovered  that 
the  rate  at  which  the  fuel  regressed,  i.e.  the  bum  rate,  was  affected  by  the  spin  rate  of  the 
SFRJ.  Higher  spin  causes  a  slower  regression  rate  and  hence  less  thrust.*"^ 


In  order  to  quantify  this  effect,  UTC  and  BRL  developed  a^ program  to  flight-test 
a  flare-stabilized  SFRJ  at  four  different  spin  rates.  Four  105mm  'M68  gun  tubes  axe  to 
be  utilized:  the  standard  twist  (one  revolution  in  eighteen  calibers,  one-in-18),  and  three 
specially  made  tubes:  a  smooth  bore,  a  one-in-12  and  a  one-in-25  twist. 


‘  This  report  details  the  design  and  finite-element  analysis  of  a  sabot  package  for  the 
60mm  flared  ramjet  to  be  utilized  in  the  spin  test  program.  Also  included  £ire  the  results 
from  the  initial  structural  integrity  flight-test,  and  the  necessary  design  modifications. 


II.  Initial  Design  of  the  Sabot  Package 


The  design  process  was  an  iterative  one.  First,  the  basic  geometrj'  of  the  sabot  package 
needed  to  be  determined.  The  function  of  each  sabot  component  and  the  geometry  of  the 
ramjet  dictated  this.  The  second  step  was  to  determine,  by  simple  calculations,  the  loading 
conditions  on  each  component.  In  most  cases  these  estimates  were  increased  by  a  factor 
of  1.25  to  allow  for  a  safety  margin.  The  next  step  was  to  create  a  Finite- Element  (FE) 
model  and  analyze  it  using  either  SUPERSAP  ^  or  SUPERTAB. ^  The  resulting  von  Mises 
stress  contours  were  compared  to  the  yield  strength  of  the  component  material  to  see  if  the 
piece  would  fail  or  not.  Von  Mises  stress  is  determined  by  an  empirical  equation  utilizing 
the  components  of  stress  in  a  material  which  is  in  a  three-dimensional  state  of  stress. <  It 
has  proven  to  be  a  successful  failure  criterion  in  finite-element  analysis.® 

Each  component  was  examined  individually  and  also  included  in  the  finite-element 
model  of  the  total  package.  If  changes  were  needed,  the  component  and  package  were  re¬ 
analyzed.  Finally,  a  structural  integrity  test  was  fired,  which  turned  up  problems  requiring 
several  design  modifications,  and  the  process  was  repeated. 

The  first  iteration  of  the  sabot  package  is  shown  in  Figure  2.  The  major  components 

are: 

•  a  60mm  Flared  Ramjet  made  of  T-250  grade  maraging  steel 

•  three  sabot  petals  made  of  7075-T6  aluminum 

•  a  pusher  made  of  7075-T6  aluminum 

•  a  pusher  extension  made  of  T-250  grade  maraging  steel 
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Recent  work  on  the  aerodynamics  of  a  60mm  fin-stabalized  reimjet  suggests  that  its 
exterior  driving  grooves  have  a  destabilizing  effect.®  Because  of  this  possible  effect.  UTC 
excluded  sabot  grooving  from  the  flared  ramjet  design.  This  precluded  the  use  of  a  sabot 
package  in  which  a  grooved  projectile  is  pulled  along  by  a  grooved  sabot. 

The  ramjet  would  be  launched  out  of  the  gun  by  a  pusher  and  pusher  extension.  This 
pusher  assembly  (Figure  3)  must  also  serve  to  spin  the  ramjet.  The  pre-engraved  rifling 
engages  the  gun  tube  rifling  and  torques  the  pusher.  The  spin  is  transferred  to  the  pusher 
extension  through  four  Woodruff  keys.  The  pusher  extension  spins  up  the  ramjet  by  meams 
of  a  toothed  engagement.  The  pusher  extension  is  attached  to  the  pusher  by  means  of  a 
bolt  and  washer  not  shown  in  Figure  3. 

The  sabot  petals  laterally  support  the  ramjet  in  the  bore.  The  thinnest  possible  petals 
were  desired  so  that  the  largest  possible  flzire  diameter  might  be  used  in  order  to  provide 
greater  aerodynamic  stability.  The  flare  also  supports  the  ramjet  in  the  bore.  Three, 
rather  than  four,  petals  were  chosen  to  achieve  a  stiffer  structural  design. 


III.  Loading  Conditions 


The  dominant  loads  are  the  gun  gas  pressure  load,  the  launch  mass  inertisJ  load 
Eind  the  centrifugal  load.  Other  loads  of  importance  are  those  resulting  from  the  lateral 
acceleration,  the  engraving  force  on  the  sabot  petals,  and  those  resulting  from  the  torque 
on  the  rifling  grooves  and  on  the  pusher  extension  teeth.  The  sabot  package  must  survive 
the  worst  case  loading  conditions,  which  occur  at  the  highest  desired  velocity,  l  i=1554 
m/s,  in  the  highest  twist  gun,  one-in-12. 


1.  Axial  Acceleration 

The  pressure  and  inertial  load  are  related  through  Newton’s  second  law; 

F  —  TTldz  ~  Fbaie^bore 


where: 


m  =  total  launch  mass 
Oz  =  axial  acceleration  of  the  launch  mass 
Pbast  =  base  pressure  on  the  projectile 
Abort  =  bore  area  of  the  gun  tube 
F  =  Force 


(1) 


The  effective  projectile  base  pressure  is  typically  only  about  two-thirds  of  the  maxi¬ 
mum  chamber  pressure.  Using  the  maximum  chamber  pressure  as  a  design  pressure  would 
lead  to  overly  conservative  design  requirements.^  A  peak  pressure  of  352  MPa  was  pre¬ 
dicted  from  earlier  charge  development  for  similar  launch  masses.  Thus  a  design  pressure 
of  two-thirds  of  this  value  was  chosen. 
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A  mass  properties  progrzim  was  used  to  obtain  accurate  mass  and  moment  of  inertia 
estimates  for  each  component  of  the  launch  package.®  Equation  (1)  yields  an  acceleration 
of  about  40,000  g's.  A  design  acceleration  of  50.000  g’s  was  used  to  provide  a  safety  factor. 


2.  Angular  Acceleration 

An  estimate  for  the  peak  angular  acceleration  was  computed  in  order  to  calculate 
the  torque  load  on  the  pre-engraved  rifling  (Section  III. 5.)  This  occurs  when  using  the 
highest  twist  gun,  in  which  the  projectile  makes  one  revolution  in  12  calibers.  At  the 
design  velocity,  the  spin  rate,  w,  is  about  7,850  rad/s.  The  angular  acceleration,  u.  is 
approximately  ^  where  At  ss  Roimding  up,  this  yields  an  u?  w2.5xl0®  rad/s^. 


3.  Lateral  Acceleration 


Axial  acceleration  down  a  gun  tube  has  a  lateral  component,  Cx,  due  to  the  non¬ 
straightness  of  the  tube.  A  typical  lateral  travel,  Ai,  is  .8mm  in  1  meter  of  axial  travel, 
A^.  or  ^  =  .0008.  For  rectilinear  motion  w'ith  constant  acceleration,  an  equation  of 
motion  can  be  obtained:  ® 

Az  =  ^aj(At)^  and  Aa:  =  iax(At)^  (2) 


Thus: 

Ax  Ox 
Az  Ox 

Ox  =  40  g’s.  A  side  load  of  50  g’s  was  used  for  added  safety. 


(3) 


A  peak  value  for  lateral  acceleration  for  a  120mm  tank  gun  is  between  300-500  g’s.^° 
This  occurs  at  the  muzzle  and  is  due  to  the  whip  of  the  bzu’rel.  Because  this  peak  value 
for  lateral  acceleration  occurs  after  the  peak  axial  acceleration,  50  g’s  may  be  sufficient. 


4.  Sabot  Engraving  Force 

As  the  launch  package  spins,  the  petads  move  radially  outward  and  are  restrained  by 
the  bsu’rel  wall.  This  centrifugal  force  acts  as  a  bearing  load  on  the  outer  surface.  Because 
of  the  lands  and  grooves  of  the  gun  tube  rifling,  only  about  one- third  of  the  petal  surface 
area  is  available  to  carry  the  load.  If  this  stress  is  great  enough,  the  petals  can  yield  into 
the  rifling  and  become  engraved. 

For  a  particle  in  circular  motion  the  centrifugal  force,  Fcentrifugah  is:® 

Vr 

F xntrifugal  ~  (^) 

IVcg 

the  mass  of  one  sabot  petal 
the  radial  center  of  gravity  for  one  sabot  petal 


where: 


m  = 
Reg  — 
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and  Vr  is  the  angular  velocity: 

Vt  =  u:Rcg 

This  provides  an  estimate  of  the  engraving  force  on  the  sabot  petals. 


(5) 


5.  Torque  load  on  the  pre-engraved  rifling 

The  loading  on  the  rifling  was  estimated  by  finding  the  torque  necessary  to  spin  up 
the  launch  package: 

Izz^  —  Fdriving^  (A) 

where: 

Izz  =  axial  moment  of  inertia  of  the  launch  package 

^driving  =  tOrque  driving  force  =  P driving  fling  X  28 

Pdrivins  =  driving  pressure 

A-ri fling  =  driving  area  of  one  rifling  land 

r  =  radial  distance  to  rifling 


6.  Summary 

The  design  conditions  are  summarized  as  follows: 


•  V,  = 

•  a^  = 

•  &r  = 

•  P base  — 


•  UJ  = 

•  u;  = 

•  P driving— 


1554  m/s 
50,000  g's 
50  g’s 
234  MPa 
7,850  rad/s 
2.5  xlO®  rad/s^ 

69  MPa  (on  rifling) 


IV.  Initial  Design  Analysis 


Figure  4  shows  the  finite-element  mesh  used  for  the  analysis.  The  model  consisted  of 
716  2D-axisymmetric  elements  and  7  boundsu-y  elements  ,  using  911  nodes.  The  mesh  was 
intentionally  finer  in  areas  of  greater  interest,  e.g.  at  the  front  and  middle  supports  and 
the  bottom  half  of  the  sabot  petals.  Although  not  load-bearing  members,  the  flare  and 
the  inner  components  of  the  ramjet  were  included  in  the  FE  model  in  order  to  account  for 
their  weight  in  the  inertial  loads. 

For  2D-axisymmetric  elements,  there  are  two  degrees  of  freedom:  radial  and  axial. 
The  nodes  on  the  outer  surface  of  the  sabot  petals  were  fixed  radially  because  they  would 
be  restrained  by  the  barrel.  Ideally  the  model  should  be  unrestrained  in  the  axial  direction 
since  it  is  free  to  move  down  the  barrel.  However,  because  the  FE  software  is  a  static 
analysis,  the  model  must  be  completely  restrained  in  all  degrees  of  freedom. 2  At  least 
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one  node  must  be  fixed  axially.  Because  the  forces  on  the  model  (Section  III. 6)  are  not 
balanced,  false  stresses  would  arise  in  those  elements  with  fixed  nodes.  This  wels  avoided 
by  using  boundary  elements  to  support  the  model  at  its  base.  Boundary  elements  act  like 
ultra-stiff  springs  and  allow  the  model  to  displace  without  overly  stressing  the  model  at 
their  attachment  points.  Boundary  elements  also  give  the  reaction  force  necesseu-y  to  resist 
a  load. 

The  sabot  components  shared  nodes  at  certain  locations  so  that  stress  would  be  carried 
across  their  points  of  contact,  e.g.  between  the  bottom  of  the  sabot  petals  and  the  pusher 
and  between  the  pusher  extension  and  ramjet. 

The  supports  on  the  petals,  and  the  ramjet  did  not  share  nodes  because  the  petals 
do  not  carry  the  inertial  load  of  the  ramjet.  However,  the  petals  do  laterally  support  the 
ramjet,  and  this  loading  must  be  included.  These  lateral  loads  were  obtained  by  fixing  the 
ramjet  with  boundary  elements  at  the  points  of  contact  amd  applying  the  centrifugal  load. 
The  resulting  reaction  forces  were  then  applied  as  nodal  loads  on  the  supports  and  ramjet . 
Nodal  loads  along  the  taper  at  the  base  of  the  petals  were  similarly  determined. 

1.  Sabot  Petals 

The  first  step  in  designing  the  sabot  petals  was  to  determine  an  acceptable  thickness. 
This  was  accomplished  by  treating  them  as  a  solid-of-revolution  rather  than  three  separate 
pieces.  This  is  a  valid  assumption  because  the  gun  beirrel  prevents  the  sabot  petals  from 
moving  radially.  Previous  analyses  have  successfully  demonstrated  that  the  petals  may  be 
considered  as  an  axisymmetric  body  during  the  launch  cycle. *  This  allows  one  to  model 
the  sabot  petals  using  axisymmetric  elements  and  to  apply  the  theoretical  formulas  for  a 
thin  cylindrical  tube.  The  criticeil  stress  at  which  column  buckling  occurs  is:" 


where: 

R  =  mean  radius  of  the  tube 
t  =  thickness  of  the  tube 
E  —  Modulus  of  Elasticity 
V  =  Poisson’s  Ratio 

This  equation  is  applicable  for  tube  lengths  »  \.12y/Ri  and  for  y  >  10.  Tests  indicate 
actual  buckling  strengths  are  40%-60%  of  this  theoretical  value.  Therefore,  Ekiuation  (7) 
becomes;" 

S'  (8) 

It  was  anticipated  that  a  light-weight  composite  material  would  be  required  for  the 
thin  sabot  petals.  This  would  have  resulted  in  an  expensive  and  time  consuming  manu¬ 
facturing  process.  However,  the  yield  stress  of  7075-T6  aluminum,  used  for  S'  in  Equation 
(8),  showed  that  a  1.27mm  thick  petal  of  this  material  might  suffice.  But,  because  the 
petals  were  not  a  true  solid  tube,  a  thickness  of  3.81mm  was  chosen  as  an  added  safety 
factor.  The  sabot  petals  were  considered  to  be  the  most  critical  components  of  the  sabot 
package  and  were  therefore  conservatively  designed. 


Stress  analysis  of  the  petals  indicated  that  the  stress  reached  a  f2iilure  level  near 
the  pusher.  For  this  reason  the  petal  thickness  wzis  increased  past  the  flcire.  Subsequent 
analysis  showed  that  the  additional  bearing  eu'ea  reduced  the  stress  at  this  critical  point. 
The  integrity  of  the  front  and  middle  supports  also  was  verified  under  the  previously 
determined  lateral  loads  (Figure  5.) 

In  addition  to  Equation  (4),  the  centrifugal  force  also  was  estimated  by  restraining  the 
nodes  on  the  outside  surface  of  a  sabot  petal  model  with  boimdary  elements  and  applying 
the  centrifugal  load.  The  resulting  reaction  forces  were  comparable  to  the  computed  value. 
Dividing  this  force  by  one-ihird  the  sabot  petal  surface  sirea  gave  an  estimate  for  the 
engraving  stress  on  the  petals. 

Another  method  was  to  construct  a  3D  finite-element  model  of  a  sabot  petal,  fix  the 
outside  surface,  apply  the  centrifugal  load,  and  look  at  the  resulting  stress.  Each  method 
gave  stress  values  well  below  the  yield  stress  of  the  material.  For  this  reason  it  was  felt 
that  the  petals  would  not  engage  the  rifling. 


2.  Pusher 

The  pusher,  shown  in  Figures  2  and  3,  serves  several  functions.  It  literally  pushes 
the  ramjet  and  sabot  petals  out  of  the  gun.  It  engages  the  barrel’s  rifling  and  spins  up 
the  launch  package.  It  also  holds  a  105mm  rubber  obturator.  An  obturator  prevents  gas 
leakage  by  corking  the  gun  tube  rifling.  These  tasks  dictated  the  profile  of  the  pusher. 
The  cavity  at  the  base  of  the  pusher  lessens  its  weight.  The  projection  at  the  front  serves 
to  align  and  laterally  support  the  pusher  extension. 

The  stress  contours  in  the  pusher  model  are  shown  in  Figure  6.  A  small  area  of 
high  stress  beneath  the  pusher  extension  is  acceptable  because  the  pusher  is  very  thick 
there.  Localized  yielding  would  redistribute  and  relieve  the  concentrated  stress.  The  model 
conteiins  the  inertial,  centrifugal  and  pressure  loads  but  not  the  torque  load  on  the  rifling. 
This  latter  load  could  not  be  modeled  eocisymmetrically  and  required  a  3D  model. 


3.  Pre-Engraved  Rifling 

The  pre-engraved  rifling  must  engage  the  28  lands  and  grooves  of  the  barrel  rifling, 
as  shown  in  Figure  7.  Separate  pushers  were  made  for  each  gun  twist. 

A  finite-element  model  was  constructed  by  creating  a  3D  slice  of  one  rifling  land 
(Figure  8.)  The  boundary  conditions  on  the  3D  brick  elements  were  such  that  the  axitd 
symmetry  of  the  pusher  wais  maintained  yet  the  rifling  land  was  free  to  displace  circum¬ 
ferentially. 

The  driving  pressure,  obtained  from  Equation  (6),  was  applied  to  the  driving  face  of 
the  rifling  land.  The  stress  shown  in  Figure  8,  resulting  from  this  torque  loading,  must  be 
superimposed  on  the  stress  in  Figure  6,  resulting  from  the  other  loads.  Although  the 
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stress  in  the  lands  appears  to  exceed  the  yield  stress  of  the  material,  this  was  considered 
acceptable  becauses  the  bulk  of  the  land  is  below  the  yield  stress  of  the  material.  Again, 
locedized  yielding  would  redistribute  and  relieve  the  stress.  Therefore,  it  w-as  concluded 
that  the  rifling  would  not  shear  off  under  the  torque  load. 

4.  Pusher  Extension 

The  pusher  extension  spins  up  the  ramjet  by  means  of  the  toothed  engagement  shown 
in  Figure  3.  The  teeth  2Lre  shallow  and  sloped  to  allow  a  clean  disengagement.  In  free  flight, 
the  ram  air  pressure  through  the  hollow  ramjet  forces  the  pusher /extension  assembly  aw'ay 
from  the  ramjet.  For  the  rifled  tubes,  thf'  spinning  pusher /extension  is  gyroscopically 
stable  and  should  fall  straight  back  without  hitting  the  ramjet  flare.  For  the  smooth  bore, 
it  is  assumed  that  the  assembly’s  inertia  should  keep  it  from  yawing  and  interfering  with 
the  flare. 

The  number  of  driving  teeth,  Ntee<A.  necesseury  to  fully  spin  up  the  ramjet  was  de¬ 
termined  by  using  Equation  (6)  to  calculate  the  torque  needed  to  overcome  the  ramjet’s 
inertia. 

In  this  case; 

=  axial  moment  of  inertia  of  the  ramjet 
Fdriving  —  torque  driving  force  =  V driving 
"Pdrivxng  =  driving  pressure 
Ateeth  =  driving  area  of  teeth  =  N<eeth(h)(d) 
r  =  radial  distance  to  the  driving  teeth 

h  =  height  of  the  driving  teeth 

d  =  depth  of  the  driving  teeth 

Allowing  the  driving  pressure  to  approach  half  the  yield  strength  of  the  maxaging  steel 
{^driving  =  862  MPa)  yields  a  value  of  N,eet>,=16.  As  an  added  stifety  factor,  twenty  teeth 
were  used.  Thus  Pjrtu.ns  =  689  MPa. 

The  teeth  were  analyzed  utilizing  plane  stress  elements  (2D  elements  of  specified 
thickness. )2  The  stress  resulting  from  P^rivin®  is  shown  at  the  top  of  Figure  9.  This  stress, 
due  to  the  torque,  must  be  superimposed  on  the  stress,  shown  at  the  bottom  of  Figure  9, 
resulting  from  the  other  loads.  Doing  so  indicated  that  the  teeth  would  not  sheeir  off. 

V.  structural  Integrity  Test 

In  a  structural  integrity  test  of  the  sabot  package,  two  ramjets  were  fired  at  V,=1325 
m/s,  15%  below  the  design  velocit'*.  Therefore  the  axial  acceleration  was  only  85%  of  the 
design  acceleration.  They  were  fired  from  a  standard  one-in-18  twist  105mm  gun  tube. 
Therefore  the  centrifugal  load  weis  only  2/3  of  that  used  in  designing  the  package.  Even 
so,  several  problems  were  discovered  that  required  modifications  to  the  design. 


Despite  predictions  to  the  contrary,  the  sabot  petals  did  indeed  engrave.  This  was 
a  serious  problem  since  the  petals  were  then  able  to  open  up  while  in  the  bore  and  thus 
failed  to  support  the  ramjet  laterally,  resulting  in  balloting  and  great  aerodynamic  jump 
of  the  projectile. 

The  engraving  had  not  occurred  as  a  result  of  the  aluminum  yielding  into  the  rifling. 
Recovered  sabot  petals  showed  that  the  aluminum  had  actually  been  eroded  and  burned 
away  as  the  peteils  traveled  down  the  gtm  bore  and  spun  out  against  the  tube  wall.  In 
addition  to  allowing  the  petals  to  rifle,  this  abrasion  also  was  causing  unacceptable  gun 
barrel  wear.  The  petals  also  had  ripped  apart  once  they  were  unrestrained  by  the  gun 
tube  and  were  free  to  spin  about  their  owm  centers  of  gravity. 

A  pusher,  recovered  from  the  structural  integrity  test,  showed  that  much  of  the  pre¬ 
engraved  rifling  had  been  eroded  away  by  the  g\m  gases.  The  rubber  obturator  failed  to 
provide  a  good  seal  of  the  gun  gases.  The  pre-engraved  rifling  also  was  worn  from  firiction. 
A  recovered  pusher  extension  was  in  such  good  condition  that  it  was  capable  of  being 
reused. 

The  structural  integrity  test  showed  that  sabot  petal  engraving  was  a  major  problem. 
Less  critical  but  still  of  concern  was  the  poor  obturation.  The  launch  of  the  ramjet  with 
so  much  yaw  and  jump  wets  unacceptable.  Modifications  to  the  design  needed  to  be  made. 


VI.  Design  Modifications 

The  changes  to  be  made  to  the  sabot  package,  as  a  result  of  the  structural  integrity 
test,  are  shown  in  Figure  10. 


1.  Sabot  Petals 

The  sabot  petals  are  to  be  modified  in  several  ways.  The  front  air  scoop  will  be 
removed  because  the  spinning  petals  will  easily  separate  radially  from  the  ramjet.  For 
the  projectiles  which  will  be  fired  from  the  smooth  tube,  the  scoop  will  remmn.  The  flare 
proved  to  be  stronger  then  expected.  For  this  reason,  the  middle  support  (Figure  2.)  will 
also  be  eliminated.  A  benefit  resulting  from  these  changes  is  a  weight  reduction  in  the 
petals,  which  will  lessen  their  inertial  load. 

A  suggested  solution  to  the  engraving  problem  was  to  plate  the  aluminum  petals  with 
chrome  which  would  be  much  more  resistant  to  ablation.  However,  stress  analysis  showed 
that  the  chrome  material  would  not  have  been  able  to  withstand  the  inertizil  loading.  Also, 
adding  the  chrome  would  have  required  thinning  the  aluminum  petals.  With  the  additional 
weight  of  the  chrome  to  carry,  the  thinner  petals  would  not  have  been  able  to  withstand 
the  inertial  loading. 

An  alternative  wdll  be  to  hau'dcoat  the  petals  with  a  thin  layer  of  aluminum  oxide. 
This  should  maike  the  petals  more  resistant  to  weeir.  However,  the  hardcoat  on  aluminum 
fins  has  been  known  to  wear  away  as  they  move  through  the  propellant  grains  in  a  gun 
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cartridge.  Thus  the  designer  decided  not  to  rely  on  hardcoat  alone  to  completely  solve 
the  problem.  In  addition  to  the  hardcoat,  steel  borerider  rings  will  be  added  in  order  to 
prevent  the  petals  from  bearing  out  against  the  bore. 


2.  Steel  Boreriders 


In  order  to  hold  the  petals  together  as  a  unit  in  the  bore,  steel  boreriders  will  be 
shrunk  fit  at  the  front  and  rear  of  the  sabot  petals.  Steel  will  not  wear  away  as  readily 
as  the  aluminum  as  it  presses  out  against  the  barrel  wall,  ^\^len  the  sabot  petads  exit  the 
barrel,  the  centrifugal  load  will  break  the  unrestrained  rings  and  allow  the  petals  to  fly 
away.  Of  course  there  is  no  need  for  boreriders  for  the  smooth  bore. 


Considering  the  steel  boreriders  as  thin  vessels  with  a  uniform  internal  pressure,  the 
hoop  stress  is:^^ 

5  -  ^  (9) 

•^hoopth.n  ~ 


where  P  is  the  pressure  under  the  bands  due  to  the  centrifugal  force  (Elquation  (4))  on  the 
sabot  petals,  t  is  the  ring  thickness,  and  R  is  the  mean  radius  of  the  ring.  Out  of  the  bore, 
the  hoop  stress  for  the  lowest  spin  case  (l-in-25)  must  be  great  enough  to  break  the  rings. 
1.27mm  thick  rings,  made  of  AISI  1020  steel  (Yield  Strength  =  207  MPa),  should  break 
because  the  hoop  stress  computed  by  Equation  (9)  is  well  above  the  materiad  strength. 
The  rings  will  be  notched  in  line  with  the  three  petals  to  ensure  a  symmetric  break  up  into 
thirds. 


A  finite-element  model  of  the  pet^ds  and  borerider  rings  was  made  using  solid  3D 
elements.  Figure  11  shows  the  displacement  of  the  unrestrained  petals  and  the  stress  in  a 
borerider  at  a  spin  rate  of  7,850  rad/s.  With  stress  levels  greater  than  25  times  the  yield 
strength  of  AISI  1020  steel,  the  rings  will  most  assmredly  break.  The  FE  model  also  showed 
that  the  spinning,  unrestrained  sabot  petals  are  highly  stressed  and  should  fail.  In  the  test 
firings,  upon  exiting  the  gun  bore,  the  petals  did  indeed  breedc  up.  The  displacement  of 
the  petals  indicates  that  they  will  press  out  against  the  gun  wall  even  though  they  are 
restrained  by  the  front  and  rear  boreriders.  Even  if  the  hardcoating  allows  some  erosion  to 
occur  at  the  middle  section  of  the  petals,  the  front  support  and  flare  should  still  laterally 
support  the  ramjet  because  they  are  under  the  borerider. 

For  this  reason,  it  is  of  greater  concern  whether  or  not  the  rings  will  break  in  the  bore. 
To  model  this  situation,  the  centrifuged  force  computed  by  Equation  (4)  was  applied  as 
a  bearing  pressure  to  one- third  the  outer  surface  of  the  petals  and  boreriders  simulating 
the  reaction  force  from  the  gun  barrel  lands.  This  effectively  restrained  the  petals  under 
the  centrifugal  load  (Figure  12.)  The  resulting  stress  in  the  rings  is  below  the  yield  point 
indicating  that  the  rings  will  not  breed;  in  the  bore. 


3.  Copper  Rotating  Band 

The  erosion  of  the  pre-engraved  rifling  occurred  below  the  design  velocity  emd  spin 
rate.  At  the  design  velocity  and  higher  spin  rates,  the  eduminum  rifling  might  be  completely 
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eroded  away.  Therefore  a  solid  copper  rotating  band,  which  should  better  withstand  the 
gun  ga?**?  and  also  help  provide  obturation,  will  be  used.  The  nominal  dimensions  of  the 
copper  rotating  band  were  obtained  from  the  rotating  band  of  another  105mm  projectile. 


a.  Shrink  Fit 

A  copper  rotating  band  is  to  be  shrunk-fit  onto  the  aluminum  pusher.  The  allowable 
interference  between  the  band  and  the  pusher  was  determined  from  stress  considerations 
in  the  band.  An  examination  of  Lame’s  equations  for  internal  pressure  in  thick- walled 
cylinders  shows  the  maximum  stress  to  be  the  tangential  or  hoop  stress, 
inner  surface  and  is  determined  by: 

-  (B2,  -  H?)  '  ' 

where: 

P=  radial  pressure  between  members 
Rj  =  inner  radius 
Ro  =  outer  radius 


For  ductile  materials  such  as  copper,  the  property  that  is  used  as  a  design  criterion  is 
the  yield  strength. 12  In  thick-walled  cylinders,  with  no  shock  loading  present,  such  as  in 
a  shrink  fit,  a  working  stress  of  85%  of  the  yield  stress  is  considered  satisfactory  since  the 
material  at  the  inner  surface  may  flow  slightly  and  readjust  the  stress  distribution  without 
causing  failure. ^3  Tiie  radial  pressure  between  the  members  is  obtauned  from  Equation 
(10)  by  usii.g  85%)  of  the  yield  strength  for  SAE  660  brass  (97  MPa)  for  the  maximum 
adlowable  hoop  stress. 

The  rotating  band  will  be  shrunk  fit  onto  the  pusher.  The  totail  shrinkage  allowance, 
6,  for  a  hub  on  a  solid  shaft  is  obtained  from:^^ 


where: 

E, 

Eh 

V, 

Vh 


6  =  2RiP 


=  Modulus  of  Elasticity  for  the  shaft 
=  Modulus  of  Elasticity  for  the  hub 
=  Poisson’s  Ratio  for  the  shaft 
=  Poisson’s  Ratio  for  the  hub 


(11) 


b.  Engraving  Force 

A  rotating  band  must  be  a  relatively  soft,  malleable  material  that  will  easily  yield, 
and  thus  engage,  into  the  rifling.  The  engraving  force  on  the  rotating  band  was  examined 
by  constructing  the  FE  model  shown  in  Figure  13.  The  band  was  fixed  where  it  will  engage 
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the  rifling,  eund  the  base  pressure  was  applied.  The  radiail  pressure  between  the  members 
found  by  Equation  (10)  also  was  applied.  The  stress  in  the  bemd  is  shown  in  Figure  13.  It 
most  certainly  will  yield. 

To  check  the  additional  loading  on  the  pusher  due  to  the  engraving  force,  the  band 
was  restrained  with  boundary  elements  at  the  band  and  pusher  interface.  The  resulting 
reaction  forces  were  used  to  estimate  an  additional  stress  on  the  pusher  of  .17  of  the  yield 
stress  for  7075-T6  aluminiim.  Even  with  this,  the  stress  is  still  below  the  yield  stress  in 
the  pusher. 


VII.  Summary  and  Conclusions 

The  methods  utilized  in  designing  the  sabot  package  consisted  of  a  mixture  of  analyt* 
ical  calculations  and  finite-element  analyses.  An  attempt  was  made  to  verify  each  method 
with  the  other,  with  FE  analysis  proving  the  most  valuable.  The  model  was  deliberately 
over-designed  by  overestimating  the  worst  possible  loading  conditions.  The  problems  dis¬ 
covered  in  the  structural  integrity  test  resulted  not  from  a  calculation  or  FE  modeling 
mistake  but  rather  from  an  engineering  misassumption  ,i.e.,  a  failure  to  anticipate  the 
weiu:  and  erosion  of  the  aluminum  peteds  during  the  launch  cycle.  The  basic  integrity  of 
the  design  has  been  demonstrated  and  the  design  changes  made  will  result  in  an  improved 
launch  capability  for  the  60mm  Flared  Ramjet. 
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Figure  5.  Sabot  petal  stress  contours.  |  Figure  6.  Pusher,  stress  .contours. 


Figure  7.  Rifling  ensagement. 
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Figure  8.  Pre-engraved  rifling  FE  model. 
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Figun?  10.  Modifications  t,o  sabot  packaj 


Figure  13.  Rotating  band  FE  model. 
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^bore 

^rifling 

^teeth 

ax 

ax 

d 

dr 

dt 

dz 

E 

FE 

Edriving 

Eceniri/ugal 


m 

P 

Pbate 
P  driving 
^  teeth 

R,r 


Bore  area 

Driving  area  of  one  rifling  land 
Driving  area  of  teeth 
lateral  acceleration 
Axial  acceleration 
Depth 

Radial  travel 
Time 

Axial  travel 
Modulus  of  elasticity 
Finite- Element 
Torque  driving  force 
Centrifugal  force 
Height 

Axial  moment  of  inertia 

Mass 

Pressure 

Base  pressure 

Driving  pressure 

Number  of  driving  teeth 

Radial  distance 
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Reg 

Rl 


Ro 

S' 


Shoop, 


Hick 


Shoop, 

t 


Vr 

K 

6 


V 

(jj 

Cj 


Radial  distan'~c  to  center  of  gravity 

Inner  radius 

Outer  radius 

Buckling  stress 

Hoop  stress,  thick  ring 

Hoop  stress,  thin  ring 

Thickness 

Angular  velocity 

Axial  velocity 

Shrinkage  allowance 

Poisson’s  ratio 

Spin  rate 

Angular  acceleration 
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